The associations between duration of second stage of labor, pushing time and risk of adverse neonatal outcomes are not fully established. Therefore, we aimed to examine such relationships. STUDY DESIGN: A population-based cohort study including 42 539 nulliparous women with singleton infants born in cephalic presentation at ⩾ 37 gestational weeks, using the Stockholm-Gotland Obstetric Cohort, Sweden, and the Swedish Neonatal Quality Register, 2008 to 2013. Poisson regression was used to analyze estimated adjusted relative risks (RRs), with 95% confidence intervals (CIs). Outcome measures were umbilical artery acidosis (pH o7.05 and base excess o − 12), birth asphyxia-related complications (including any of the following conditions: hypoxic ischemic encephalopathy, hypothermia treatment, neonatal seizures, meconium aspiration syndrome or advanced resuscitation after birth) and admission to neonatal intensive care unit (NICU). RESULTS: Overall rates of umbilical artery acidosis, birth asphyxia-related complications and admission to NICU were 1.08, 0.63 and 6.42%, respectively. Rate of birth asphyxia-related complications gradually increased with duration of second stage: from 0.42% at o 1 h to 1.29% at ≥ 4 h (adjusted RR 2.46 (95% CI 1.66 to 3.66)). For admission to NICU, corresponding rates were 4.97 and 9.45%, and adjusted RR (95% CI) was 1.80 (95% CI 1.58 to 2.04). Compared with duration of pushing o 15 min, a duration of pushing ⩾ 60 min increased rates of acidosis from 0.57 to 1.69% (adjusted RR 2.55 (95% CI 1.51 to 4.30)). CONCLUSION: Prolonged durations of second stage of labor and pushing are associated with increased RRs of adverse neonatal outcomes. Clinical assessment of fetal well-being is essential when durations of second stage and pushing increases.
INTRODUCTION
Second stage of labor is defined as duration from fully dilated cervix until delivery of the infant. It includes the passive phase, with passive descent of the fetal head, and the active phase, also known as expulsive phase, bearing down or pushing. The active phase starts when contractions become expulsive or when the woman actively starts pushing. 1 Previously, the definition of prolonged second stage of labor in nulliparous women was > 2 h without and 3 h with epidural analgesia. 2 However, recent recommendations often include longer durations in some cases, that is, that management is individualized depending on progress of labor, epidural analgesia, fetal position and interventions. 1, 3 Optimal obstetric management of second stage is an ongoing challenge to reduce rates of emergency cesarean deliveries and to avoid adverse maternal and neonatal outcomes. With prolonged duration of second stage, the proportion of spontaneous vaginal deliveries decreases and maternal morbidity increases. [4] [5] [6] [7] [8] [9] [10] The relation between duration of second stage and risk of neonatal morbidity has been investigated in numerous studies with conflicting results. Several studies found no association between prolonged second stage and neonatal adverse outcomes. 5, 8, 9, 11, 12 Other studies demonstrated that prolonged second stage increased risks of admission to neonatal intensive care unit (NICU), birth asphyxia, birth trauma, low 5 min Apgar score, sepsis or perinatal mortality. 4, 6, 7, 13, 14 Most studies have investigated the entire second-stage duration and neonatal morbidities. Only a few studies have, with mixed results, investigated neonatal outcomes by duration of pushing. [15] [16] [17] A recent large study found a long duration of pushing increased risks of neonatal complications, but the absolute risk differences were low. 17 Two systematic reviews concluded that further studies regarding management and duration of second stage are warranted to guide evidence-based clinical practice. 18, 19 Using detailed prospectively collected clinical data from 42 539 nulliparous women and their first-born neonates, the study objective was to investigate associations between durations of second stage and pushing phase, and adverse neonatal outcomes, after accounting for maternal characteristics, delivery management and infant characteristics.
MATERIALS AND METHODS

Data sources
Detailed prospectively collected information on maternal, pregnancy, delivery and neonatal infant characteristics were obtained from the population-based database of the Stockholm-Gotland Obstetric Cohort. This area covers about one-fourth of all deliveries in Sweden (~25 000 annual births). The database includes electronically transferred information directly from the electronic medical record system used for all antenatal, delivery and postnatal care units. Births between 1 January 2008 and 31 December 2013 were included. 1 In order to include detailed information on neonatal outcomes for infants admitted to NICU, we also used information from the Swedish Neonatal Quality Register. 20 This register contains prospectively collected data on infants admitted for any level of neonatal care in Sweden, including all neonatal units in the counties of Stockholm and Gotland. We used information on admitted infants born until 31 December 2013. Individual linkage across the registers was made by using the personal identity number assigned to each citizen at birth or immigration to Sweden. 21 This study was approved by the regional ethical committee at Karolinska Institutet, Stockholm, Sweden, numbers 2009/275-31 and 2012/365-32.
Study population
From 2008 through 2013, the database included information on 149 298 mothers and their singleton live-born infants. There were 61 794 nulliparous women, that is, women delivering their first-born infant, in cephalic presentation at 37 gestational weeks or later. We excluded elective cesarean deliveries (n = 2647), emergency cesareans during first stage of labor (n = 6299) and deliveries without labor partograph or notation on complete dilation of the cervix (n = 3750). Of the seven delivery units within the Stockholm-Gotland region, one unit did not routinely take umbilical blood samples and deliveries from this unit were therefore excluded (n = 6559). The final study population included 42 539 births. In the analyses of the outcome of acidosis, births without arterial cord values for pH or base excess were excluded (n = 9110).
Exposures
Information from the labor partograph was used to measure the main exposure, duration of second stage of labor, defined (and recorded) as time, in minutes, from the first notation on complete dilation of the cervix until delivery of the fetus. Duration of second stage was categorized into five groups: 0 to 59 min ( o1 h, reference), 60 to 119 min (1 to o 2 h), 120 to 179 min (2 to o3 h), 180 to 239 min (3 to o 4 h) and ⩾ 240 min (⩾4 h).
Secondary exposure was duration of pushing, defined as time in minutes from notation of active pushing in the delivery record until delivery. Duration of pushing was categorized into 5 groups: 0 to 14 (reference), 15 to 29, 30 to 44, 45 to 59 and ⩾ 60 min. In Sweden, the clinical practice is 'delayed pushing,' that is, to start pushing when the woman either feels a strong urge to push or, in case of lacking urge to push, to actively push when the fetal vertex has reached or almost reached the pelvic floor. According to the National Swedish recommendations, initiation of augmentation with oxytocin is recommended after 30 min of pushing if expected normal progress has ceased. 22 If lack of progress thereafter, the clinical routine is to contact an obstetrician after 45 to 60 min.
Combined analyses were also performed where duration of passive phase of second stage, that is, time from notation on fully dilated cervix until start of active pushing, was analysed together with duration of pushing. Passive phase was categorized into: 0 to o 1 h, 1 to o2 h, 2 to o3 h and ⩾ 3 h. Pushing was categorized into: o45 and ⩾ 45 min. The dichotomization of pushing time in the combined analyses was based on the clinical routines together with the results in the analyses of duration of pushing and adverse neonatal outcomes.
Outcomes
Adverse neonatal outcomes were defined as follows: (a) umbilical artery acidosis, (b) birth asphyxia-related complications and (c) admission to NICU. Information on umbilical artery acidosis was retrieved from the birth record and was defined as a pH value of o7.05 and base excess o − 12 mmol l − 1 in the umbilical artery. 23 If values for either umbilical artery pH or base excess were missing, blood gas samples were considered missing. Neonatal diagnosis were coded using the International Classification of Diseases, tenth revision (ICD-10) at discharge from the delivery hospital and/or the NICU. The diagnoses were retrieved either from the Stockholm-Gotland Obstetric Cohort or the Swedish Neonatal Quality Register. Birth asphyxia-related complications included any of the following diagnoses or procedures: hypoxic ischemic encephalopathy (checkbox in NICU record or ICD-10 diagnosis: P 91.6), hypothermia treatment (checkbox in NICU record or procedure code: DV034), neonatal seizures (checkbox in NICU record or ICD-10 diagnosis: P90.9), meconium aspiration syndrome (checkbox in NICU record or ICD-10 diagnosis: P24.0) and resuscitation in delivery room with heart compressions and/or intubation (checkboxes in birth or NICU records). Diagnoses of infant malformations (ICD-10 diagnoses: Q) were coded in the delivery or NICU records. Admission to NICU was defined as admission to any neonatal unit.
Covariates
The Stockholm-Gotland Obstetric Cohort holds information on maternal characteristics, such as height, body mass index (BMI) and self-reported smoking that were recorded at the first antenatal care visit. Smoking was also self-reported at an antenatal visit in gestational week 30 to 32. Concurrent maternal diseases are reported as check boxes in the standardized antenatal care record or as ICD-10 diagnoses coded during the pregnancy or at discharge from the delivery hospital. Hypertensive diseases include pre-gestational hypertension (ICD-10 codes I10-I15, O10, O11), gestational hypertension (ICD-10 code O13) and preeclampsia (ICD-10 codes O14-O15). Diabetic diseases include pre-gestational (ICD-10 codes E10-E14 and O240-O243) and gestational diabetes (ICD-10 code O244).
Delivery characteristics, such as onset of labor, vaginal examinations (time and cervical dilation), epidural analgesia, use and notation on start of oxytocin for labor augmentation, time of active pushing, mode of delivery and time of birth were obtained from the partograph and from the standardized delivery records.
Information on gestational age was based on the following: (a) date of conception before embryo transfer (4,8%), (b) early second trimester ultrasound offered to all women (93.4%), (c) date of last menstrual period reported at the first antenatal visit (1.8%) and (d) postnatal assessment (o1%). Variables were categorized according to Tables 1a and 1b.
Statistical analyses
Poisson regression analyses with robust variance, estimated adjusted relative risks (RRs), with 95% confidence intervals. 24 All analyses were adjusted for maternal age, height, BMI, smoking, hypertensive and diabetic diseases, onset of labor (spontaneous or induced) and gestational week. Analyses of duration of second stage were also adjusted for oxytocin augmentation that started before fully dilation of the cervix. Analyses of duration of pushing only included vaginal deliveries and were additionally adjusted for oxytocin augmentation that started before pushing and the duration of second stage before pushing (that is, duration of passive phase of second stage). In analyses of duration of pushing, we considered oxytocin augmentation initiated after the beginning of pushing and mode of vaginal delivery to be mediators rather than confounders. Hence, we did not adjust for these factors. Finally, we performed stratified analyses for epidural analgesia and mode of vaginal delivery. Observations with missing values were excluded from the multivariable analysis. Statistical analyses were performed using the SAS software version 9.4.
Availability of data and material
In the ethical approval of the study and in informed consent from the caregivers in Stockholm County Council, we were given access to data to conduct the study but were not given permission to share data. However, statistical analysis code is available on request from the corresponding author.
RESULTS
Information on maternal, delivery and infant characteristics and rates of acidosis, birth asphyxia-related complications, and admission to NICU are summarized in Tables 1a and 1b . Rates of all adverse neonatal outcomes generally increased with maternal age and BMI, and with decreasing maternal stature. Rates were also increased among infants of non-smokers and among mothers with gestational hypertension, preeclampsia and diabetes (Table 1a) . Adverse neonatal outcomes were slightly more common after induction of labor and use of oxytocin. Rates of acidosis increased with gestational age (from 37 to ⩾ 42 weeks). There highest rate of admission to NICU was obtained at 37 weeks and the lowest rate at 39 weeks (Table 1b) .
The median duration of second stage of labor was 93 min and 95% were delivered within 272 min (4.5 h). There were 360 infants (1.08%) with umbilical artery acidosis, 269 infants (0.63%) with birth asphyxia-related complications (defined as any of the Second stage, pushing and neonatal outcomesfollowing conditions: hypoxic ischemic encephalopathy n = 97, hypothermia treatment n = 23, neonatal seizures n = 95, meconium aspiration syndrome n = 68 and resuscitation in delivery room with heart compressions n = 46 or intubation n = 71) and 2733 infants (6.42%) were admitted to NICU (Tables 1a, 1b and 2) .
Six infants died before 27 days of age. When analyzing rates of specific birth asphyxia-related complications, rates generally increased with longer durations of second stage (Table 2) . Rates and adjusted RRs of compound birth asphyxia-related complications and admission to NICU generally increased gradually with duration of second stage. Compared with duration of second stage of o 1 h, duration of at least 4 h was associated with almost a 2.5-fold increased risk of birth asphyxia-related complications and an 80% increased risk of admission to NICU. There was no association between duration of second stage and risk of acidosis (Table 3) .
The median duration of pushing among vaginal deliveries was 32 min and 95% were delivered within 78 min (missing 6.2%).
Rates and adjusted RRs of acidosis among vaginal deliveries increased with duration of pushing. Compared with duration of pushing of o 15 min, pushing for 60 min or longer was associated with a 2.5-fold increased risk of acidosis. Rates of birth asphyxiarelated complications and admission to NICU were increased after 45 min (Table 4) .
We also performed analyses stratified by use of epidural analgesia. The risks of birth asphyxia-related complications and admission to NICU generally increased with duration of second stage in both the non-epidural and epidural groups. However, the analyses were to some extent hampered by statistical power (Supplementary Table S1 ). In stratified analyses by mode of vaginal delivery, the adjusted RRs of birth asphyxia-related complications and admission to NICU increased with duration of second stage in non-instrumental deliveries but not in instrumental vaginal deliveries (Supplementary Table S2 ).
In additional sensitivity analyses, deliveries with infants diagnosed with any congenital malformation were excluded. Overall rates of acidosis were 1.05%, birth asphyxia-related complications 0.61% and admission to NICU 6.01%, and the Table S3 ).
Figures 1a-c demonstrates duration of passive phase of second stage by duration of pushing (o 45 min or ⩾ 45 min) and rates of adverse neonatal outcomes in vaginal deliveries. Rates of acidosis were increased in deliveries with long pushing time, whereas duration of passive phase did not have a major impact (Figure 1a) . Rates of birth asphyxia-related complications generally increased with both durations of passive phase of second stage and pushing time, and especially in combination of both. Compared with duration of passive phase o 1 h combined with pushing o45 min, a passive phase of ⩾ 3 h combined with pushing ⩾ 45 min had an almost fourfold increased rate of birth asphyxiarelated complications (Figure 1b) . Rates of admission to NICU also gradually increased with increasing durations of passive phase and pushing. However, in deliveries with longer duration of pushing, the rates increased more with duration of passive phase. The highest rate of admission to NICU was observed in deliveries with duration of passive phase of at least 3 h combined with pushing for ⩾ 45 min (Figure 1c ).
DISCUSSION
In this large population-based cohort study, increasing duration of second stage was associated with increased RRs of birth asphyxia- Second stage, pushing and neonatal outcomesrelated complications and admission to NICU, also after adjusting for maternal and infant characteristics, and delivery management. Longer duration of pushing also increased the risk of umbilical artery acidosis and admission to NICU. However, the outcomes were relatively rare and, hence, the absolute risk difference for birth asphyxia-related complications and acidosis was small. Furthermore, combined analyses demonstrated that rates of birth asphyxia-related complications and admission to NICU increased with duration of passive phase of second stage and were even higher when combined with longer pushing. Duration of pushing, but not duration of passive phase, was related to increased rates of umbilical artery acidosis.
Given the large sample size of nulliparous women with detailed delivery data, we were able to investigate how durations of second stage and pushing were associated with important immediate neonatal morbidities in separate analyses. A strength, of high clinical relevance, was that we were able to investigate the impact of the total duration of second stage and duration of pushing both separately and in combined analyses of passive phase of second stage and pushing. We were also able to adjust risk estimates for important factors, such as maternal BMI, use of oxytocin and birthweight for gestational age, and to stratify analyses on epidural analgesia and mode of vaginal delivery. Still, unmeasured factors related to prolonged durations and obstetric management may contribute to the associations between duration of second stage and increased risks of neonatal morbidities. For example, chorioamnionitis, occiput posterior position and duration of first stage of labor are associated with prolonged second stage and may lead to neonatal adverse outcomes, and such data were not considered in the present study. 4, 7, [25] [26] [27] However, some of these factors were probably related to augmentation with oxytocin before second stage of labor, which we adjusted for. We did neither have information on intrapartum fetal heart rate tracing and related actions. Gestational age was mainly based on an early second trimester sonogram, which can have up to 14 days difference from last menstrual period. Finally, information on umbilical artery blood gas values was missing for 21.4% of the deliveries. If missing values were more common among the most depressed neonates, such selection bias may potentially underestimate association between duration of second stage and risk of acidosis.
Prolonged second stage of labor was recently reported to be associated with an increased risk of low 5 min Apgar score for neonates of nulliparous women in a Swedish study from our research group.
14 Similar results were also presented in two studies from Canada and the United States. 4, 7 The US study also found an increased risk of severe asphyxia and admission to NICU for second-stage duration longer than 3 h compared with o 3 h in nulliparous women with epidural analgesia. 4 The Canadian study reported that regardless of mode of delivery, there was an increased risk of birth depression (that is, birth asphyxia-related conditions) and admission to NICU, with second-stage durations beyond 2 h compared with o 2 h in nulliparous women. 7 However, our findings are also in contrast to several studies finding no association between second stage duration and infant risks. 5, 8, 9, 11, 12 The conflicting results might be due to differences in duration of time limits, 8, 12 restriction to vaginal deliveries 12 and lack of or differences in control for confounders. 5, 6, 8, 9, 11, 12 Further, some of these studies were rather small and probably afflicted by limited statistical power. 6, 8, 12 Contemporary studies report longer durations of second stage for nulliparous women than suggested by previous guidelines. 7, 13, 28, 29 Obstetric practice has developed considerably over the last 50 years and is now characterized by extensive use of epidural analgesia and oxytocin augmentation, lower rates of instrumental vaginal deliveries and higher cesarean sections rates. Furthermore, child-bearing women of today are older and have higher BMI. 29 Thus, previous results can be misleading, unless maternal and management factors are taken into account. In a review by Altman et al., 18 it was emphasized that several factors made it difficult to evaluate the impact of duration of second stage and maternal and neonatal outcomes. Such factors include, but are not limited to, different and oversimplified definitions of prolonged second stage, various study population characteristics, lack of confounder control and not taking mode of delivery into account.
All guidelines do not separate management of active and passive phases of the second stage of labor. There are also considerable variations in the management of second stage of labor between countries, which might affect the external validity of the results. The Swedish clinical practice is 'delayed pushing,' that is, to start expulsive efforts when the woman feels an urge to push or to actively push with, for example, the Valsalva technique when the fetal head has reached or almost reached the pelvic floor. Most studies of second stage and adverse neonatal outcomes have not distinguished between immediate (that is, when the cervix is fully dilated) or delayed pushing and the duration of pushing. A Cochrane review from 2015 reports that in women with epidural analgesia, delayed compared with immediate pushing was associated with an increased overall duration of second stage, but a decreased duration of pushing and an increase in spontaneous vaginal delivery. There were no differences between immediate and delayed pushing with respect to admission to NICU, 5 min Apgar score o 7 and delivery room resuscitation. However, based on one study, an association between delayed pushing and low umbilical blood pH (arterial o7.10) was reported. 30, 31 Studies on the association between pushing and adverse neonatal outcomes show different results. A recent large US study demonstrated higher frequencies of brachial plexus palsy, seizures and hypoxic ischemic encephalopathy, and increased risk of compound adverse neonatal outcome, with increasing duration of pushing. 17 A European study reported increased risk of neonatal acidosis already after 15 min of pushing. 16 On the contrary, Le Ray et al. 15 did not find any association between duration of pushing and adverse neonatal outcomes, including neonatal acidosis, with continuous fetal surveillance during delivery. Piquard et al. 32 demonstrated lack of influence on fetal acid-base status during the passive second stage but increasing fetal acidosis during pushing. Other studies have demonstrated a decline in fetal arterial pH and cerebral oxygenation, as well as an increase in lactate with prolonged pushing time. [33] [34] [35] These results are consistent with the present study where an association between duration of pushing and umbilical artery acidosis was demonstrated, whereas risk of acidosis was not related to the total duration of second stage.
In sensitivity analyses, risks of birth asphyxia-related complications and admission to NICU were increased with duration of second stage in women with non-instrumental vaginal delivery. This indicates that duration of second stage may be an independent risk factor for these outcomes. Epidural analgesia is associated with increased duration of second stage of labor but not with adverse neonatal outcomes. 36 Rates of birth asphyxiarelated complications and admission to NICU were slightly higher for epidural users compared with non-users but the RRs were of similar magnitude. Thus, the effects of duration of labor on these outcomes cannot be explained by use of epidural analgesia. The pathophysiology of oxygen deficiency is the same for the fetus regardless of the mother's use of epidural analgesia.
Prolonged duration of second stage of labor was associated with increased RRs of birth asphyxia-related complications and admission to NICU. Umbilical acidosis increased with duration of pushing but not with duration of second stage. However, the absolute risk differences of birth asphyxia-related complications Second stage, pushing and neonatal outcomesand acidosis were low and the observational study design made it not possible to conclude causal associations. Additional wellpowered longitudinal prospective studies with detailed information on population and delivery characteristics, potentially with randomization of interventions, could add further information.
